nasopalatine, and more recently, rhinopalatine have been proposed for predicting the inferior extent of the EN corridor, whereas the oropalatine line has been proposed for predicting the cephalad extent of exposure of the transoral route. 8, 17, 18 Although each respective corridor has been partially evaluated in cadaveric and radiographic studies of small case series, 2, 8, 18, 23, 29, 31 the extent to which age causes these corridors to vary has not been adequately addressed. Banu and colleagues found both the working angle and distance of the EN corridor differed with age in a pediatric population. 4 As the C1-2 and hard palate relationship predicts the sagittal extent of exposure with EN approaches, we hypothesize that the relationship changes with age, similar to the working angle as described by Banu et al. While this relationship likely also changes with respect to sex, as suggested by radiographic studies evaluating normal variance of markers for basilar invagination, 16, 25 we also assessed and controlled for sex variation. The present study sought to characterize the anatomical relationship of C-2 and the hard palate with age and sex using sagittal CT.
methods

Selection criteria
Following approval by our institutional review board, emergency department billing and trauma records from 2008 to 2014 were searched for patients undergoing evaluation of closed head injuries who concomitantly underwent cervical CT and/or maxillofacial CT as part of their trauma workup. Those patients who had cervical or displaced facial/skull base fractures, a history of rheumatoid arthritis, or craniofacial anomalies were excluded. Additional exclusions were made if the available CT scans did not allow adequate visualization of the hard palate, opisthion, the C-1 ring, or the inferior endplate of C-2. Age, sex, and racial data were gathered for all patients meeting the inclusion criteria.
radiographic measurements
Methods previously described by McGregor 22 and Redlund-Johnell 26 to assess cranial settling on plain radiographs were chosen to assess the normal variance of the relationship between C-2 and the hard palate and skull base. Both methods have established inter-and intrarater reliability. 16 Additionally, they provide a reference line in the sagittal plane that can be used on both CT modalities if presented with the inability to visualize the nasal cavity in all studies. All measurements were performed on midsagittal CT slices. A perpendicular distance was measured from a reference line extending from the tip of the hard palate to the base of the opisthion (McGregor's palatooccipital line) to the midpoint of the inferior C-2 endplate (McL-C2) or from a modified Redlund-Johnell's line in millimeters. An example of the criterion is shown in Fig. 2 .
Statistical analysis
All statistical analysis was performed with JMP 10 software (SAS Institute Inc.) in consultation with a biostatistician. Patients were first grouped by decile of age and sex. Further stratification was also performed in the pediatric age group by every 4 years of age, starting from ages 2 to 5 years and including patients up to 18 years of McGregor's palatooccipital line is used as a reference, and a perpendicular line is drawn to the midpoint of inferior C-2 endplate (McL-C2) as described by Redlund-Johnell. 22, 26 Figure is available in color online only.
age. A 1-way ANOVA was used to assess the variability of McL-C2 based on decile of age, sex, and every 4 years of age (pediatric patients only). Multivariate regression was also performed to assess whether decile of age and sex were independently associated with McL-C2.
results
After applying exclusion criteria to potential study candidates identified with the initial search methods (n = 684), 483 patients were included. The mean age of the cohort was 45.9 ± 24 years (range 2-94 years). Sixteen percent (n = 77) of the patients were less than 18 years of age. Males comprised the majority of the patient population (70%). The racial demographic was predominantly Caucasian (89%), followed by Hispanic (5.2%) and AfricanAmerican (3.1%). Asians and Native Americans made up 0.8%, whereas 2.3% were either biracial or preferred not to have their racial demographic displayed in their electronic medical record. The mean McL-C2 varied significantly according to sex, as shown in Table 1 . McL-C2 was noted to be shorter in females, with the mean difference being 4.8 mm (p < 0.0001).
Patients were further stratified by decile of age. The majority of patients studied were in the 2nd through 8th decades of life (85%). The smallest represented decile was the 10th decade (90-99 years of age), which comprised 15 patients (3%). ANOVA demonstrated significant variance (p < 0.0001) of McL-C2 according to age decile (Fig. 3 ). McL-C2 was shortest at the extremes of age. The mean McL-C2 was 27.0 mm in the 1st decade of life compared with the population mean of 36.5 mm (± 4.8 mm). Similarly, the mean McL-C2 was 33.6 mm in patients in their 10th decade of life. The maximum mean McL-C2 value was noted in the 4th decade of life (38.6 mm).
Grouping was also performed in the pediatric subset (individuals 18 years or less) by every 4 years starting from 2 to 5 years of age. The least represented group were patients aged from 6 to 9 years (n = 6 [7.8%]) and 10 to 13 years (n = 8 [10.3%]). One-way ANOVA also demonstrated significant variance in the mean McL-C2 within this subset (p < 0.0001), as shown in Fig. 4 . The overall population mean of McL-C2 was 34.0 ± 6.0 mm. A continued increase was noted in the mean McL-C2 from children aged 2 to 5 years (25.1 mm) to individuals that were 18 years of age (37.3 mm). The most significant increase was noted between age subsets 2-5 years and 6-9 years, with the mean difference in McL-C2 being 6 mm.
As both decile of age and sex were found to be significantly associated with McL-C2, multivariate regression was performed to assess independence. Both decile of age (p < 0.001) and sex (p < 0.0001) were independently predictive of McL-C2.
discussion
In the present study, we selectively tracked the relationship between C-2 and the hard palate and found significant variation with age and sex. Specifically, we found that the distance from the base of C-2 to the hard palate (determined by McL-C2 measurement) is significantly shorter at the extremes of age and in females compared ies aiming to establish cutoffs for markers of basilar invagination. 16, 25 The Redlund-Johnell measurement used in this study was originally applied in the era of plain radiographs, and it was found that the cutoffs for males and females for the diagnosis of basilar invagination varied from each other by 5 mm. More recently Kwong et al. reviewed older markers for basilar invagination such as McRae's, Wackenheim's line, McGregor's, Redlund-Johnell's line on sagittal CT scans in normal subjects to evaluate the utility of these lines in the modern era. They found a similar variation with respect to sex and, interestingly, also found that odontoid length differs according to sex (mean difference 3 mm). 17 While the aforementioned studies evaluated these criteria for diagnosing basilar invagination, no prior marker was found to be over 90% sensitive, and the majority of studies were conducted using plain radiographs. 26, 27 Whereas these studies looked at adults to establish cutoffs for the diagnosis, the present study specifically assessed for age-related variation on CT, not for diagnosing basilar invagination but to further elucidate the effect aging and sex have on the position of the hard palate relative to the craniocervical junction, and to establish its relevance in selecting approaches to the craniocervical junction. The hard palate is a major bony landmark, which has recently been used to predict the extent of endoscopic surgical corridors (EN and EO) for approaching the craniocervical junction. 1, 8, 18 The nasopalatine, a line drawn from the rhinion to the posterior nasal spine of the hard palate, was found to correlate with the inferior extent of resection achieved via an EN approach by de Almeida et al. Using preoperative CT scans obtained in patients undergoing odontoidectomy, de Almeida found that the nasopalatine line typically intersected the spine within 8.9 mm above the C-2 body, defining the inferior extent of surgical dissection. 8 Similarly, Lega et al. reviewed 41 CT scans obtained in normal individuals and found that the nasopalatine line intersected the C-2 body, on average, 22 mm below the hard palate, defining the extent of the EN approach, whereas the oropalatine line (used to define the steepest upward trajectory of an EO approach based on maximal opening of the oral cavity) typically intersected the clivus 38 mm above the basion. 19 Aldana and colleagues further evaluated the caudal extent of the EN corridor in 9 cadavers and found that a separate nasoaxial line, the intersection of the halfway point between the rhinion and anterior nasal spine and the posterior nasal spine, better predicted the inferior extent of resection. 1 Still, La Corte and colleagues again evaluated the inferior extent of resection in patients undergoing EN odontoidectomy and now describe a new rhinopalatine line (two-thirds between the anterior nasal spine and rhinion intersecting the posterior nasal spine), which better predicts the inferior extent of EN corridor. Despite differences in methodology, the aforementioned studies do establish the hard palate's relationship to the craniocervical junction as being partially determinant of the surgical corridor obtained by either a transnasal or transoral vector. Recently, Dlouhy et al. have further modified their algorithm originally proposed at University of Iowa for addressing craniovertebral junction pathology and now include the position of the nasopharynx and oropharynx relative to the hard palate as a discriminator of the surgical approach (endonasal, transoral, or transcervical) chosen in cases with irreducible pathology. 9 In contrast to studies that evaluate surgical corridors in cadavers and mostly small adult cohorts, we indirectly assessed the impact of age on these corridors. Although the present study is an anatomical study based on advanced imaging, the variance with age and sex does suggest that the extent of the endoscopic corridors will also likely vary with these variables. Banu et al. recently conducted a large retrospective series involving 107 pediatric patients and found that the nare-vomer distance varied significantly with respect to age, and the nare-sellar distance differed significantly with sex. 4 No differences, however, were noted in nasal restriction sites with respect to age, such as the width between middle turbinates or nasal aperture, suggesting access can be gained to pathology of the anterior craniocervical junction despite age and sex variance provided working angles and distances are favorable. Based on the results of this study, we surmise that the inferior extent of the EN approach is likely increased in individuals at the extremes of age (pediatrics and the elderly) relative to middle-aged individuals and similarly in females compared with males. Conversely, the EO or standard transoral approach may have increased superior extent and improved access to C-2 in middle-aged individuals. These findings, however, need further validation as the surgical environment and positioning may further change surgical access. 18, 20 Although this work characterizes the variation of distances between C-2 and the hard palate, which is an important variable for deciding between operative approaches, this study does have several limitations. Foremost, pathology often alters anatomy, thus the anatomical information gleaned from this study may not be generalized to cases where the normal anatomy has been distorted. 11, 28 Secondly, the nasal and oral cavities were not visualized in their entirety in all of the radiographic studies examined, which would have been helpful for further assessing the steepest angles afforded by EO and EN approaches, and for direct comparison with studies that used different reference lines for determining sagittal extent. The relationship of C-2 and the hard palate was examined only in the sagittal plane on CT scans. Further study using other imaging modalities (e.g., MRI) as well as correlation with intraoperative and postoperative imaging will be necessary to evaluate the impact that age-sex variance has on surgical corridors. Next, pediatric patients are relatively underrepresented; thus the increment of change in the selected parameter, which likely occurs with growth, is not fully appreciated. Lastly, while the present study does suggest that the surgical corridors likely vary according to age, it is important to acknowledge that individual patient anatomy, pathology, and surgeon experience will ultimately dictate the approach selected. Although the present study has implications that mostly apply to endoscopic corridors, the traditional transoral route under the operative microscope does allow for treatment of the variety of pathology involving the craniocervical junction. 23 Endoscopic approaches at this juncture are relatively newer and may be useful in mitigating the morbidity associated with extended transoral approaches that require splitting of the soft palate, mandibulotomy, maxillotomy, or glossotomy to increase surgical exposure. 3, 5, 6 The relatively small series examining outcomes also suggest that they may allow for earlier extubation and resumption of feeding 10, 13, 32 and improve visualization in a narrow corridor before performing additional tissue destruction (i.e., splitting the soft palate). 7, 16, 25 conclusions
The relationship of C-2 and the hard palate varies significantly with age and sex, accounting for a full centimeter in positional change through a lifetime. These findings may have particular relevance when deciding between different surgical approaches to the anterior craniocervical junction.
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